The three-dimensional model of the CtCBM35 (Cthe 2811), i.e. the family 35 carbohydrate binding module (CBM) from the Clostridium thermocellum family 26 glycoside hydrolase (GH) β-mannanase, generated by Modeller9v8 displayed predominance of β-sheets arranged as β-sandwich fold. Multiple sequence alignment of CtCBM35 with other CBM35s showed a conserved signature sequence motif Trp-Gly-Tyr, which is probably a specific determinant for mannan binding. Cloned 
Introduction
Carbohydrate-binding modules (CBMs) are non-catalytic components of hydrolytic enzymes appended usually either at the N-or C-terminus. A major portion of plant carbohydrate reservoir is composed of hemicelluloses, such as the polymer and oligomer of xylose, mannose, arabinose, etc., apart from celluloses. Polysaccharide recognition, binding and enhanced catalysis of hydrolytic enzymes is facilitated by non-catalytic CBMs (Boraston et al. 2004) . Currently, CBMs have been classified into 71 distinct families based on sequence similarity (http://www.cazy.org/). Out of these, the structure of 54 families were resolved and included within 7 different fold families. The majority of the fold families are comprised of β-sandwich fold (Boraston et al. 2004) . Refinement of the CBM classification was improvised recently where Type A CBMs are those which can recognize the surface of the crystalline polysaccharides and Type B CBMs are classified according to their endo-acting mode of action internally to glycan chains (Gilbert et al. 2013 ). Type C CBMs are attributed by their exo-type binding either at the side chain or at the polysaccharide termini (Gilbert et al. 2013) . Usually Type B CBMs are abundant in cellulases, xylanases and mannanases that bind to cellulose, xylan and mannan, respectively. Thus CBMs maintain the target substrate within the close proximity of their complete pro-
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A. Ghosh et al. tein structures (Boraston et al. 2004 ). In general, most family CBM35 acquired a type B conformation in nature (Valenzuela et al. 2012) . Type B modules act more in diverse fashion of ligand specificity than the other types of CBMs, which showed wide range of affinities toward cellulose, xylan, β-(1,3)-glucans, β-(1,3)-(1,4) mixed-linkage glucans, starch, glucomannan and mannan (Tunnicliffe et al. 2005) .
Bacterial CBMs and the associated catalytic module both usually display similar ligand specificity (Bolam et al. 2005) . However, different ligand specificity of CBMs and their parent catalytic modules has also been reported (Montanier et al. 2008) . Ligand binding to CBMs imposes a conformational change to create a suitable binding site for polysaccharide accommodation (Tunnicliffe et al. 2005) . Therefore, specific binding phenomenon of CBMs can be studied by affinity electrophoresis and fluorescence spectroscopy (Abbott et al. 2012 ).
The present study describes the structural characterization of CtCBM35 (i.e. Cthe 2811), which is the i.e. the family CBM35 of the family GH26 β-mannanase from Clostridium thermocellum, by model prediction in homology modeling followed by structure validation. The function of the gene encoding the CtCBM35 (Cthe 2811) in Clostridium thermocellum ATCC 27405 (http://www.ncbi.nlm.nih.gov/protein/ABN54010.1), located N-terminally of the GH26, is not yet known and reported in dockerin type 1. The CtCBM35 was cloned in pET28a(+) vector and expressed in Escherichia coli BL-21 cells. The recombinant CtCBM35 was purified by immobilized metal-ion affinity chromatography. The ligand binding ability of CtCBM35 was evaluated by affinity gel electrophoresis and fluorescence spectroscopy.
Material and methods
Bacterial strains, plasmid and fine chemicals E. coli DH5α cells were used for cloning of CtCBM35 (Cthe 2811) and E. coli BL-21 (DE3) cells were used as expression host. The plasmids used for cloning and expression were pET-28a(+). All the above-mentioned items were procured from Novagen (Madison, USA).The chemicals required for polyacrylamide gel electrophoresis (PAGE), Bradford's reagent, oat spelt xylan, birchwood xylan, carboxymethyl cellulose and avicel were purchased from SigmaAldrich Co. LLC, USA. Glycerol, methanol, concentrated hydrochloric acid, glacial acetic acid, urea and guanidine hydrochloride were procured from Merck, India. Carob galactomannan, konjac glucomannan, rye arabinoxylan and wheat arabinoxylan (insoluble), ivory nut mannan, glucouronoxylan were purchased from Megazyme International, Ireland.
Molecular modeling of CBM35
There are two family CBM35 (CtCBM35) genes, i.e. locus names Cthe 0032 and Cthe 2811 (http://www.cazy.org/ GH26 bacteria.html ), belonging to the family GH26 identified in the native host Clostridium thermocellum ATCC 27405. The present study was done with the CtCBM35 encoded by the Cthe 2811. The protein sequence CtCBM35 (i.e. Cthe 2811) was retrieved from the NCBI protein sequence database with accession number ABN54010.1 (nucleotide accession number: CP000568.1) and the Uniprot ID A3DJ81. The molecular architecture deduced from the amino acid sequence showed that CtCBM35 (141 residues) is located at the N-terminal end inserted between a 24 amino-acid signal peptide and catalytic module CtGH26 (343 residues) at the C-terminus followed by a dockerin type 1 module. The comparative three-dimensional modeling of CtCBM35 was derived using the Modeller9v8 (Sali et al. 1995) . Modeller is a computer program that derives the restraints from the known related structures therefore the first step is to align the query sequence with best matched template of known protein structure. The protein characterized as endo-β-(1,4)-mannanase of family GH26 from Podospora anserine (Couturier et al. 2013) , deposited in the Protein Data bank (PDB; http://www.rcsb.org/pdb/) under the PDB ID: 3ZM8, was selected as a template for structure modeling based on its sequence and functional homology. Twenty independent models were generated after optimization of molecular probability density functions (MOLPDF score). Loop refinement of modeled structure was carried out by loop optimization methods in Modeller and after each cycle of loop refinement discrete optimized protein energy (DOPE) score was generated; this process was repeated in an iterative fashion until DOPE score attained to be negative (lower than -1) (Fiser et al. 2000) . The best model having reasonable DOPE and MOLPDF scores were chosen for further refinement.
Model refinement and quality assessment Modeled CtCBM35 structure was further improved by energy minimization at Yasara energy minimization server (www.yasara.org/minimizationserver.htm), in which molecular dynamics simulations of models were carried out in explicit solvent. It uses a new partly knowledge-based all atom force field derived from Amber (Krieger et al. 2009 ).
Final energy-minimized model was validated through various parameter on structure analysis and verification server (http://services.mbi.ucla.edu/SAVES/).
Multiple sequence alignment
To investigate conserved amino acid residues, multiple sequence alignment was performed with representative members of CBM35 having different substrate specificities whose X-ray or NMR structures were known. Multiple sequence alignment was carried out with appended CBM35 families GH5 and GH26 β-(1,4)-mannanases from Podospora anserine (PDB ID: 3ZM8; Couturier et al. 2013) , CBM35 from the Cellvibrio japonicus β-1,4-mannanase Man5C (PDB ID: 2BGO; Tunnicliffe et al. 2005 ) and CBM35 (Cthe 0032) from Clostridium thermocellum ATCC 27405 (Ghosh et al. 2013) . Protein sequences were retrieved from PDB or CAZy databases, saved in FASTA format. Alignment was performed using the CLUSTAL-X program (http://bips.ustrasbg.fr/en/Documentation/ClustalX/) and final alignment was generated by the program GeneDoc (2.7), for better understanding of the conserved residues in the structure.
Cloning and overexpression of CtCBM35
The 423 bp open reading frame of CtCBM35 was amplified from the genomic DNA of C. thermocellum ATCC 27405 using a forward primer in PCR containing NheI restriction site: CTCGCTAGCATCAATGTGTCAAATGC and a reverse primer with XhoI restriction site: CACCTCGAGTT AAGGTTTGACATTCAG. The amplified product was digested with NheI-XhoI restriction enzymes and ligated to pET-28a(+) expression vector, also digested with same enzymes. This vector contains kanamycin as resistance marker. The resulting recombinant plasmid [pCtCBM35 (Cthe 2811)] was transformed using E. coli DH5α cells. The transformed cells were grown on Luria-Bertani agar plates supplemented with kanamycin (50 µg/mL) at 37
• C. The plasmid DNA was isolated and the positive clone was confirmed by restriction digestion analysis. The isolated plasmid, pCtCBM35 (Cthe 2811) was used for transformation of E. coli BL-21 (DE3) cells for CtCBM35 expression. The cells were grown in 250 mL conical flask containing 100 mL LuriaBertani medium supplemented with kanamycin (50 µg/mL) at 37
• C and 180 rpm till mid-exponential phase (A600nm ≈ 0.6). The cells were induced with 1.0 mM isopropyl-1-thio-β-D-galactopyranoside for overexpression of recombinant protein at optimized expression conditions of 24
• C at 180 rpm for 16 h. The cells were harvested at 9,000×g and the resulting pellet was resuspended in sodium phosphate buffer (50 mM, pH 7.0). The cells were then sonicated (Vibra cell, Sonics) on ice for 16 min (9 s on/off pulse) and centrifuged (17,000×g, 4
• C, 30 min) to get the cell free extract as supernatant. CtCBM35 containing His6 tag was purified in a single step by immobilized metal ion affinity chromatography using 1 mL (HiTrap chelating, GE Healthcare) and eluted by 300 mM imidazole as recommended by the manufacturer. Purity and molecular mass of recombinant protein was analyzed by SDS-PAGE (Laemmli 1970) . CtCBM35 expressed as a soluble protein and after purification it appeared as homogenous single band of molecular size 16 kDa on SDS-PAGE (Fig. S1 ).
Affinity electrophoresis of CtCBM35 with soluble polysaccharides
Binding of CtCBM35 to soluble polysaccharides was assessed by affinity gel electrophoresis following the protocol of Takeo (1984) on 7.5% native-PAGE in absence and presence of varying concentration of carob galactomannan and konjac glucomannan. The purified CtCBM35 (20 µg) was run on native gels containing soluble polysaccharides, such as carob galactomannan, konjac glucomannan, carboxymethyl cellulose, rye arabinoxylan, birchwood xylan, oatspelt xylan and glucouronoxylan. Native polyacrylamide gels (7.5%) were prepared containing varying polysaccharide concentrations ranging from 0.0 to 0.08 (%, w/v). Bovine serum albumin (BSA) (1.0 mg/mL) was also run to ensure that there is no non-specific binding interaction. Binding study of CtCBM35 with carob galactomannan and konjac glucomannan was carried out in absence and presence of Ca 2+ ions. Ten mM Ca 2+ ion was incorporated in 7.5% native polyacrylamide gel before CtCBM35 (Cthe 2811) electrophoresis. In absence of Ca 2+ ions 7.5% native gels were prepared as a control and relative mobilities of CtCBM35 were calculated.
Binding analysis of CtCBM35 with insoluble polysaccharides
The quantitative and qualitative assessment of CtCBM35 binding was carried out with insoluble polysaccharides, such as ivory nut mannan, avicel and wheat arabinoxylan. For qualitative binding analysis 30 µg of CtCBM35 in 50 mM sodium phosphate buffer, pH 7.0, was mixed with 1 mg of ivory nut mannan or avicel or wheat arabinoxylan (insoluble) in a final reaction volume of 200 µL. The reaction mixture was incubated for 2 h at 4
• C with vigorous shaking. After that, the reaction mixture was centrifuged at 13,000×g at 4
• C for 5 min and the insoluble ligand was obtained as pellet. The supernatant, containing the unbound protein, was removed and the pellet was washed three times with 200 µL of 50 mM sodium phosphate buffer, pH 7.0. The pellet containing bound protein was resuspended in 200 µL 10% (w/v) SDS containing 10% (v/v) β-mercaptoethanol and boiled for 5 min. The pellet containing bound protein and the supernatant containing unbound protein were analysed by SDS-PAGE using a 12% gel. A BSA (1 mg/mL) control was run in parallel to check for any non-specific binding. The quantitative analysis of ligand binding by adsorption isotherm was carried out by varying the protein concentration as 1, 2, 4, 6, 8, 12 and 18 µM and incubated with 5 mg/mL of insoluble ivory nut mannan. Two hundred µL of CtCBM35 ivory nut mannan mixtures were prepared in 50 mM sodium phosphate buffer, pH 7.0, and incubated at 4
• C for 2 h. The protein at the same concentration without any polysaccharide was also kept as a control for each set of reaction mixture. The experiment was carried out in triplicate. The reaction mixture was centrifuged at 13,000×g and 4
• C for 10 min. The supernatant containing the unbound protein was removed and analyzed for protein content according to Bradford (1976) . The association constant Ka was calculated by taking [B] as the bound protein concentration, [F] the unbound fraction of protein, [N0] the number of binding site concentration and using equation as described by Gilkes et al. (1992) :
Polysaccharide binding study of CtCBM35 by fluorescence spectroscopy Eighteen µg of CtCBM35 was incubated with carob galactomannan and konjac glucomannan at varying concentrations. Polysaccharide concentrations (0.01%, 0.02%, 0.04%, 0.06% and 0.08%, w/v) in 100 µL reaction mixture were prepared in 50 mM TrisHCl buffer, pH 7.0, and the reaction mixtures were incubated at 4
• C for 2 h. To study the effect of Ca 2+ ions, another set of 100 µL reactions were prepared containing 18 µg (10 µL) of CtCBM35, 10 mM of CaCl2 and varying concentrations (0.01%, 0.02%, 0.04% and 0.06%, w/v) of carob galactomannan or konjac glucomannan. The fluorescence measurements were carried out by using fluorimeter (Fluoromax 3, Horiba Scientific, USA). The emission and excitation slits were kept at 3.00 and 1.00, respectively, with 0.5 s integration time. Three scans were taken per sample along with a control to reduce the noise created by buffer and polysaccharide. All the samples were excited at λmax = 295 nm and the emission spectra were recorded between 320-400 nm. The emission spectra of all the solutions were corrected against buffer and polysaccharide solution without CtCBM35. The association constant Ka (M −1 ) of CtCBM35 complex with carob galactomannan and konjac glucomannan were derived using modified Stern Volmer equation as described by Belatik et al. (2012) .
Protein melting analysis of CtCBM35
The protein melting curve was generated by subjecting the CtCBM35 to varying temperatures and measuring the change in the absorbance at 280 nm using a UV visible spectrophotometer (Varian, Cary 100 Bio) by following the method of Dvortsov et al. (2009) . The purifiedCtCBM35 (0.5 mg/mL) in 50 mM MES [2-(N-morpholino) ethanesulfonic acid] buffer, pH 7.0, was used. The absorbance at 280 nm was measured at different temperatures varying from 40 to 100
• C using a peltier temperature controller. The protein solution (1 mL, 0.5 mg/mL) of CtCBM35 was kept at the particular temperature for 10 min to attain the equilibrium. Similar experiment was carried out in another two sets of reactions: one with additive, such as 10 mM EDTA and the other reaction having of 10 mM CaCl2 in the 1 mL CtCBM35 (0.5 mg/mL) solution and at varying temperature. The experiment was repeated with the addition of CaCl2 and EDTA to 1 mL CtCBM35 solution (0.5 mg/mL) containing equimolar concentrations of 10 mM, and finally the change in absorbance at 280 nm was measured. A curve of relative derivative absorption coefficient (first derivative coefficient) versus temperature was plotted as described earlier by Dvortsov et al. (2009) .
Results
Structure characterization and quality assessment of modeled CtCBM35 BLAST search for sequence similarity with default parameter in NCBI against PDB database displayed the number of hits belonging to the family CBM35. Homology modeling of CtCBM35 was achieved by using the crystal structure of PaMan26A from Podospora anserine (PDB ID: 3ZM8) having an appended CBM35. CtCBM35 showed 30% sequence identity (in 90% query coverage) with PaMan26A in BLASTp result in PDB database at NCBI (http://blast.ncbi.nlm.nih.gov/). The closest structural homologous template was searched to refine the structure of CtCBM35 in terms of folds and functional residues by using DALI Server (Holm et al. 2010) . Structure similarity search of modeled protein in DALI server (http://ekhidna.biocenter. helsinki.fi/dali server/) showed similarity with native structure of a CBM35 from C. thermocellum (PDB ID: 2W1W) with root mean square deviation (RMSD) of 1.7Å (Pace et al. 1989 ) and native structure of Cellvibrio japonicus CBM35 (PDB ID: 2BGO) Fig. 2 . Structure validation and quality assessment of CtCBM35. (a) Ramachandran plot shows that 87.1% amino acid residues are found in the most favorable region, 9.7 % residues in additional allowed region, 2.4% residues in generously allowed regions and 0.8% in disallowed regions. (b) The ProSa web result of CtCBM35 shows it positioned in NMR zone with Z-score of -3.5. (c) The Verify3D results indicates that more than 90% residues had an average 3D-1D profile score greater than 0.22.
with RSMD of 3.2Å (Tunnicliffe et al. 2005) . Most commonly, CBMs are β-sheet rich structure. Here, CtCBM35 showed the 2 antiparallel β-sheets consisting of four pairs of β-strands facing each other forming the β-sandwich structure (Fig. 1a) . The topology of final modeled structure was generated by PDBsum (http://www.ebi.ac.uk/pdbsum/) which displayed 11 β-strands, only 2 small α-helices and 12 random coil (arrows) formed a β-sandwich structure (Fig. 1b) . Validation via Ramachandran plot of modeled CtCBM35 after energy minimization exhibited that 87.1% residues lie in most favoured regions, 9.7% residues in additional allowed region and 2.4% residues in generously allowed or disallowed regions (Fig. 2a) . Quality assessment results of modeled CtCBM35 by ProSA web results showed that the modeled CtCBM35 was posi- tioned in NMR zone with Z-score of -3.5 (Fig. 2b) . Verify 3D score was obtained 90%, i.e. 90% of the residues had an averaged 3D-1D score > 0.22 (Fig. 2c) . It determined a compatibility of an atomic model (3D) with its own amino acid sequence (1D). First it categorized each residue into structural class based on its location and environment (alpha, beta, loop, polar, non-polar, etc.), then it generates a score by comparing each residue with a collection of good structures, as a reference.
Overall structural features and analysis of CtCBM35 (Cthe 2811) Structural similarity search of modeled CtCBM35 in DALI server picked up hits of PaCBM35 (PDB ID: 3ZM8) and CBM35 (PDB ID: 2W1W) with RMSD of 0.9Å (Z score = 21.4) and 1.7Å (Z score = 17), respectively. Structure superimposition with PaCBM35 inferred that the binding site is formed by the loops connecting the β-strands. Moreover, the aromatic amino acid residues Phe100, Trp129 and Try131 of CtCBM35 were found to structurally correspond with Phe87, Trp117 and Trp119, respectively, of PaCBM35, which possibly help in the substrate binding. The hydrophobic platform created by these aromatic amino acid residues to accommodate the ligand molecule was found to be sequentially and functionally conserved. Multiple sequence alignment analysis showed the signature sequence, Trp-Gly-Tyr motif, which is probably a determinant specific for mannan binding. It was found to be conserved in CtCBM35 with Trp129-Gly130-Tyr131 (Fig. 3, in rectangular box) . This conserved signature sequence in CtCBM35 is situated in the loop connecting the β-strand 10 to β-strand 11. Other conserved amino acid residues, like Tyr80 and Lys83 (Fig. 3 , in dotted and dashed box), corresponding to Tyr60 and Lys63 of MAN-CBM35 (PDB ID: 2BGO), which participate in the ligand binding and showed largest chemical shifts changes in NMR upon ligand binding (mannopentaose) (Tunnicliffe et al. 2005) . The loop connecting the β-strands 10 and 11 is the "Eloop", as suggested previously (Correia et al. 2010 ). In CtCBM35, the "ELoop" encompassed the residues from Ser-127 to Thr-132. In between these residues three functional aromatic amino acids (Tyr-128, Trp-129, Tyr-131) conform the binding cleft, which fortified the concept of critical role of aromatic residues in binding and ligand specificity (Fig. 4) . Structural superimposition of modeled CtCBM35 with templates (PDB ID: 2BGO and 3ZM8) clearly suggested the similarity in the involvement of key binding site residues (i.e. tyrosine and tryptophan) and the overall difference in the binding site cavity. A key residual difference was observed at Tyr 131 in CtCBM35, where -as in template structure PDB ID: 3ZM8 -tyrosine was replaced by Trp119 coupled with different orientations of these residues. But similar residues were observed at Tyr131 and Tyr119 in CtCBM35 and template CBM35 (PDB ID: 2BGO) (Fig. 4 , in dotted circle and projection). The loop connecting β-strand 4 to β5 forming the side wall of the binding site cavity is comparatively more extended (Fig. 4) than it is in template proteins; therefore it creates a deeper groove at the binding pocket site and greater solvent-accessible surface.
Affinity gel electrophoresis of CtCBM35
The ligand binding of CtCBM35 was investigated by affinity gel electrophoresis and the association constant (K a ) with carob galactomannan and konjac glucomannan was determined by the method of Takeo (1984) . The relative mobilities (r) of CtCBM35 in the presence of varying substrate concentrations were calculated from the polyacrylamide gels (Fig. 5) . The retardation of CtCBM35 was observed from 0.01% (w/v) with a maximum at 0.08% (w/v) carob galactomannan (Fig. 5a ). In contrast, the retardation was achieved at much lower concentration (0.06%, w/v) of konjac glu- (CtCBM35) with template (2BGO and 3ZM8) CBM35 (inside ring displayed) projected the amino acid residues. The picture was generated using the PyMol program (http://www.pymol.org/). comannan ( Fig. 5c ) owing to its simple linear molecular structure. However, no significant binding of CtCBM35 was observed with carboxymethyl cellulose, rye arabinoxylan, birchwood xylan, oatspelt xylan and glucouronoxylan showing that it is a mannan-specific binding CBM. The association constants (K a ) of CtCBM35 with different ligands were derived from linear regression plot between the inverse relative migration (1/r) versus substrate concentration (%, w/v) (Fig. 5e,f) . The association constants (K a ) are derived in terms of M −1 concentrations using the molecular weight of carob galactomannan and konjac glucomannan, as reported earlier (Lesnichaya et al. 2013; Xu et al. 2013 (Table 1 ; Fig. 5b,d ,e,f). Free energy of ligand binding (∆G) with CtCBM35 was derived using following equation:
where ∆G = Gibb's free energy, R = gas constant (J/K mol), T = temperature in Kelvin, K a = association constant (M −1 ). The deduced ∆G displayed higher binding energy against konjac glucomannan (-27.6 kJ/mol) a CG, carob galactomannan; KG, konjac glucomannan. Fig. 5 . Affinity gel electrophoresis using the native-PAGE (7.5%) of CtCBM35 against carob galactomannan (a), carob galactomannan with 10 mM Ca 2+ ions (b), konjac glucomannan (c) and konjac glucomannan with 10 mM Ca 2+ ions (d). A plot of 1/r versus polysaccharide concentration, where r is the relative migration distance of CtCBM35 in presence of (e) carob galactomannan (•), carob galactomannan with 10 mM Ca 2+ ( ) as well as (f) konjac glucomannan ( ) and konjac glucomannan with 10 mM Ca 2+ ( ) in the gel.
than with carob galactomannan (-25.3 kJ/mol; Table 1). The presence of 10 mM Ca 2+ ions assisted in gaining slightly higher binding energy with konjac glucomannan (-30.0 kJ/mol) and carob galactomannan (-28.0 kJ/mol) as compared with the reactions containing ligands without Ca 2+ ions (Table 1) .
Binding analysis of CtCBM35 with insoluble polysaccharides
The quantitative and qualitative binding of CtCBM35 with insoluble polysaccharides was assessed by adsorption isotherm analysis. The qualitative binding analysis revealed that CtCBM35 displays a very low binding with insoluble ivory nut mannan, as analyzed by SDS-PAGE, after comparison of the bound, unbound and the purified native protein (Fig. 6a) . CtCBM35 displayed no binding with avicel and insoluble wheat arabinoxylan. The association constant (K a ) of CtCBM35 with insoluble ivory nut mannan derived from adsorption isotherm analysis (n = 3) was 2.5 × 10 −5 M −1 . The relative equilibrium association constant K r was calculated from a non-linear regression plot between bound CtCBM35 versus the free CtCBM35 (Fig. 6b) , as determined earlier by Gilkes et al. (1992) . The data were analyzed by GraphPad (Prism 2.0.1) software using the non-linear regression analysis based on one binding site equation as described by Gilkes et al. (1992) . The estimated value of relative equilibrium constant K r was 0.35 ± 0.02 µmol/g. This suggested that CtCBM35 bound less significantly with insoluble ivory nut mannan.
Polysaccharide binding study of CtCBM35 by fluorescence spectroscopy In the presence of polysaccharides, such as carob galactomannan and konjac glucomannan with their varying concentration from 0.01% to 0.08% (w/v), significant fluorescence peak shifts were observed. Binding of carob galactomannan and konjac glucomannan with CtCBM35 displayed 17 nm peak shifts towards shorter wavelength of tryptophan emission spectra from λ max 352 nm to 335 nm (Fig. 7a,b, respectively) . The Ca
2+
ions induced higher affinity of CtCBM35 against konjac glucomannan and carob galactomannan (Fig. 7c,d ). The association constant (K a ) of CtCBM35 with carob galactomannan and konjac glucomannan were derived from modified Stern Volmer's equation (Ghosh et al. 2013) . From relative fluorescence intensities, the values of K a with carob galactomannan was 1.44 × 10 5 M −1 and with konjac glucomannan 2.40 × 10 5 M −1 (Table 1). In the presence of 10 mM Ca 2+ ions CtCBM35 displayed a slightly higher binding affinity against carob galactomannan (1.69 × 10 5 M −1 ) and against konjac glucomannan (2.9 × 10 5 M −1 ). The K a values from fluorescence spectroscopy were similar to those obtained from affinity electrophoresis. Therefore, the fluorescence studies of polysaccharide binding of CtCBM35 corroborated the results of affinity electrophoresis. The number of binding site concentrations (n) derived from Stern Volmer's equation were n = 0.89 for carob galactomannan, whereas n = 0.95 for konjac glucomannan (Table 1 ). This means, both polysaccharides have single binding site for CtCBM35. Since CtCBM35 displayed significant affinities for mannose-derived polysaccharide in combination of galactose and glucose in their side and main chains, from the derived affinity constants the Gibb's free energy of binding were calculated using the equation as described earlier by Ghosh et al. (2013) . The free energy binding of CtCBM35 with carob galactomannan was −25.0 kJ/mol and −27.0 kJ/mol with konjac glucomannan (Table 1 ). In the presence of 10 mM Ca 2+ ions, the free energy of binding with carob galactomannan was −27.7 kJ/mol and −29.0 kJ/mol with konjac glucomannan. The slightly higher binding affinity and free energy of binding with konjac glucomannan is likely due to its simpler molecular architecture that made an easy platform for CtCBM35 binding in comparison with carob galactomannan, although both polysaccharides have similar number of binding sites.
Protein melting of CtCBM35
The melting of CtCBM35 was studied to investigate the protein stability, which may play a major role in polysaccharide recognition at higher temperature and improve the catalytic properties of the appended catalytic modules. CtCBM35 displayed a single melting peak at 55
• C, which shifted towards higher temperature (70 • C) in the presence of 10 mM Ca 2+ (Fig. 8) . However, when EDTA was added in equimolar concentration as Ca 2+ (10 mM) to the CtCBM35, the melting peak shifted back to the original temperature of 55
• C (Fig. 8) . Presence of EDTA imparted a detrimental effect on thermostability which was reduced to 50
• C coupled with fall in peak intensity (Fig. 8) . It could therefore be concluded that Ca 2+ ions provided a significant thermal stability to the protein structure. Similar observations were reported with the CBM6 module from C. thermocellum ATCC 27405 by Ahmed et al. (2013) .
Discussion
CtCBM35 was shown to bind to galactomannan and glucomannan in this study. The major softwoods hemicellulose is galacto-glucomannan, while galactomannan and glucomannan are restricted to highly specialized cell types in a restricted number of plants and are not abundant (Correia et al. 2010) . The modular structure of CtCBM35 plays a pivotal role in mannoconfigured ligand recognition. CtCBM35 may localize the functional cellulosomal active enzymes in the close proximity of the β-(1,4)-manno-configured ligand for prolonged catalysis. Structural validation of the predicted CtCBM35 was generated by homology modeling based on template structure having a good quality model structure. The elements of secondary structure in the predicted model displayed the dominance of β-sheets folded into a pattern to form a β-sandwich fold. The structural similarity of CtCBM35 was observed in the ligand binding cleft based on a comparison with the crystal structure of the template CBM35 from Podospora anserine (PDB ID: 3ZM8) and native structure of Cellvibrio japonicus CBM35 (PDB ID: 2BGO). However, observable minor differences could be marked in the ligand binding residues, where majority of tyrosine and tryptophan residues are involved. De-spite having similar fold in CtCBM35 as reported for galactose specific CBM35 (Cthe 2137), different specificity for ligand, i.e. mannan, was deciphered in our findings. Recently, we reported a CBM35 -CtCBM35 (i.e. Cthe 0032) from Clostridium thermocellum ATCC 27405 with similar type of ligand specificity (Ghosh et al. 2013 ). However, the binding affinities of CtCBM35 (Cthe 2811) are apparently much higher than that of CtCBM35 (Cthe 0032). CtCBM35 of the present study, i.e. Cthe 2811, preferred simpler architecture of mannoconfigured glucomannan than galactomannan. In carob galactomannan D-mannose residues are linked via β-(1,4)-linkage in a linear backbone to which single Dgalactosyl units are attached to C-6 of D-mannosyl residues. It was reported previously that carob galactomannan consists of 78% mannose forming the β-(1,4)-mannan backbone, while galactose contributes 22%. Thus galactose residues most likely interfere in ligand recognition. Therefore, the CtCBM35 (Cthe 2811) was more glucomannan-specific in contrast to galactomannan. The substrate specificity of CtCBM35 is comparable with other mannan-specific CBM35s from Clostridium thermocellum and Cellvibrio japonicus (Tunnicliffe et al. 2005; Correia et al. 2010) . Ligand specificity by CBM35 is probably due to the conserved hydrophobic aromatic residues that play a major role in polysaccharide binding (Tunnicliffe et al. 2005) . Ligand binding alters the microenvironment of tryptophan due to conformational changes in the CtCBM35 (Cthe 0032) (Ghosh et al. 2013) . The indole ring of tryptophan has intrinsic fluorescence properties with higher quantum yield and displays fluorescence emission at 320 nm to 400 nm (Royer 2006) . Polysaccharide binding changes the microenvironment of tryptophan due to conformational changes in protein. Usually in CBMs, the aromatic residues responsible for polysaccharide binding are lying in the hydrophobic core. Due to polysaccharide binding and direct interaction with tryptophan, the fluorescence emission is gradually decreased. Therefore, higher binding affinity of CtCBM35 for konjac glucomannan masks the available tryptophan for fluorescence emission as compared to carob galactomannan. Thus, the gradual fall in peak intensities were coupled with peak shifts (∼ 17 nm) due to altered conformation of native CtCBM35. A similar phenomenon was reported earlier (Ghosh et al. 2013) .
Protein stability while functioning at higher temperature is a major concern in industry. The protein melting phenomenon of recombinant CtCBM35 was analyzed to study its thermostability. The protein-melting peaks of CtCBM35 shifted to higher temperature in the presence of Ca 2+ ions. However, on addition of equimolar concentration of EDTA to the solutions of CtCBM35, the melting temperature peaks shifted back to the original positions. EDTA reduced the presence of any divalent cations, such as Ca 2+ , and thus imparted lower thermostability to CtCBM35. The shift of peak to a higher temperature might be due to the reason that Ca 2+ ions provided stability to the protein structure assembled either by coordinate bonds or by hydrogen bonds with amino acids, as reported earlier (Henshaw et al. 2006; Montanier et al. 2008; Ghosh et al. 2013) . The coordinate interactions imparted by Ca 2+ ions in bound protein resulted in the side chain stability of ligand binding to tyrosine residues (Henshaw et al. 2006) .
Conclusion
An efficient structure prediction, ligand binding ability and Ca 2+ ions induced stability of the cloned CtCBM35 from Clostridium thermocellum ATCC 27405 (Cthe 2811) might open the insight into the wider commercial applications in polysaccharide recognition and their deconstruction by annexed hydrolytic enzymes to produce oligosaccharides and monosaccharides in food, medicine and biofuel industry.
